The Large Magellanic Cloud is one of the nearest galaxies to us and is one of only few galaxies where the star formation history can be determined from studying resolved stellar populations. We have compiled a new catalogue of ages, luminosities and masses of LMC star clusters and used it to determine the age distribution and dissolution rate of LMC star clusters. We find that the frequency of massive clusters with masses M > 5000 M ⊙ is almost constant between 10 and 200 Myr, showing that the influence of residual gas expulsion is limited to the first 10 Myr of cluster evolution or clusters less massive than 5000 M ⊙ . Comparing the cluster frequency in that interval with the absolute star formation rate, we find that about 15% of all stars in the LMC were formed in long-lived star clusters that survive for more than 10 Myr. We also find that the mass function of LMC clusters younger than 10 9 Gyr can be fitted by a power-law mass function N (m) ∼ m −α with slope α = 2.3, while older clusters follow a significantly shallower slope and interpret this is a sign of either incompleteness or the ongoing dissolution of low-mass clusters. Our data shows that for ages older than 200 Myr, about 90% of all clusters are lost per dex of lifetime. The implied cluster dissolution rate is significantly faster than that based on analytic estimates and Nbody simulations. Our cluster age data finally shows evidence for a burst in cluster formation about 10 9 yrs ago, but little evidence for bursts at other ages.
INTRODUCTION
Open clusters are important test beds for star formation and stellar evolution theories since they provide statistically significant samples of stars of known distance, age and metallicity. Especially useful are star clusters in Local Group galaxies, which are close enough so that they can be resolved into individual stars and therefore allow their age and mass to be determined more accurately than based on integrated photometry as is done for more distant clusters.
The Large Magellanic Cloud (LMC) is one of the nearest galaxies to the Milky Way and contains several thousand star clusters (Bica et al. 2008 ) with ages ranging from a few Myr to a Hubble time. The large cluster system together with its proximity and the low extinction due to the low inclination of the LMC disc make the LMC cluster system an ideal test case to study the relation between star formation and cluster formation and the dissolution of star clusters.
⋆ E-mail: h.baumgardt@uq.edu.au Two main epochs of cluster formation have been found in the LMC, separated by an age gap of several Gyr (Bertelli et al. 1992; Girardi et al. 1995; Olszewski et al. 1996) . The first star formation episode led to the formation of globular clusters and ended about 10 Gyr ago, while the second epoch started about 4 Gyr ago and is still ongoing. Within the last few Gyrs, several short peaks of star formation have been found (e.g. Harris & Zaritsky 2009 ), which might have been triggered by close encounters between the Large and Small Magellanic Cloud or between the LMC and the Milky Way (Pietrzynski & Udalski 2000; Chiosi et al. 2006) . Similar peaks have also been found in the cluster formation rate and at least during the last Gyr, peaks in star cluster formation correspond to similar peaks that are seen in the field star formation rate (Maschberger & Kroupa 2011 ).
The mass function of star clusters in the LMC is generally found to follow a power-law N (m) ∼ M −α , although the value of the power-law exponent α varies considerably between different authors. Chandar, Fall & Whitmore (2010) found that the mass function of LMC clusters more massive than 10 3 M⊙ can be fitted with a power-law slope α = 1.8 ± 0.2 without any evidence for a change of this value with cluster age up to 10 9 yrs. de Grijs & Anders (2006) found that cluster older than 100 Myr can be fitted by a power-law mass function with slope α = 2, while younger clusters follow significantly flatter mass functions. A slope between 2 and 2.4 was also found by Hunter et al. (2003) for clusters more massive than a few times 10 3 M⊙ at T = 1 Gyr and a few times 10 2 M⊙ at T < 10 Myr in the combined cluster sample of the LMC and SMC. On the other hand, from their reanalysis of the Hunter et al. cluster sample, Popescu et al. (2012) found a relatively small value of only α = 1.5 to 1.6 as the average slope for all clusters that are more massive than 10 3 M⊙ and less than a few Gyr old.
Star clusters are prone to a number of dissolution mechanisms, including two-body relaxation and an external tidal field (Vesperini & Heggie 1997; Baumgardt & Makino 2003) , disc and bulge shocking (Ostriker et al. 1972; Gnedin & Ostriker 1997) and encounters with giant molecular clouds (Spitzer 1958; Wielen 1985; Gieles et al. 2006a ). Boutloukos & Lamers (2002) found evidence for ongoing dissolution of star clusters in the LMC with a characteristic lifetime of log(t dis 4 /yr)=9.7 ± 0.3 for a 10 4 M⊙ cluster, significantly longer than the corresponding value found by Lamers et al. (2005) for a sample of nearby galaxies. The long characteristic timescale implies that the high mass end of the cluster mass function in the LMC has stayed virtually unchanged since the time of its formation. Using the same data but a more careful treatment of the incompleteness limit, Parmentier & de Grijs (2008) showed that the cluster disruption time scale is actually highly uncertain and only a lower limit of t dis 4 = 1 Gyr can be given, since clusters at the low-mass end fall below the completeness limit of Hunter et al. (2003) before they are destroyed.
Apart from the absolute time scale of cluster dissolution, another important question is whether the timescale for cluster dissolution depends on the cluster mass. Using the cluster sample of Hunter et al. (2003) and based on the observed relation between the mass of the most massive cluster and the sampled age range, Gieles & Bastian (2008) found evidence for mass dependent cluster dissolution for ages larger than 10 8 yrs, but mass independent dissolution for smaller ages. Chandar, Fall & Whitmore (2010) on the other hand found no evidence for mass dependent cluster dissolution up to 10 9 yrs when looking at the evolution of the mass function of LMC and SMC star clusters.
Most of the above papers are based on data from the cluster catalogue of Hunter et al. (2003) , who determined properties of 939 clusters in the SMC and LMC based on ground-based CCD photometry. Recently a wealth of new data has been obtained for LMC star clusters by Glatt, Grebel & Koch (2010) and Popescu, Hanson & Elmegreen (2012) . Glatt et al. have pre- sented ages and luminosities of almost 1200 star clusters in the LMC using data from the Magellanic Cloud Photometric Surveys (Zaritsky et al. 2002 , 2004 . In addition, Popescu et al. (2012) have presented new age and mass estimates based on integrated colors for the clusters of Hunter et al. (2003) taking into account random sampling of the IMF and stochastic effects due to bright stars. Glatt et al. (2010) and Mackey & Gilmore (2003) cover the whole LMC, while all other surveys are restricted to certain parts of the LMC.
In this paper, we present a new derivation of the mass and age distribution of LMC clusters and use it to study the relation between star and star cluster formation and different cluster dissolution models. Our paper is organised as follows: In Sec. 2 we present the observational data for LMC clusters and derive a combined catalogue of ages and masses for massive LMC clusters. We use this catalogue in Sec. 3 to calculate the age distribution and mass function of LMC clusters. In Sec. 4 we present a discussion of the various cluster dissolution mechanisms and compare predictions with the observational data in Sec. 5. Our conclusions are finally presented in Sec. 6.
OBSERVATIONAL DATA
We use four recent compilations of LMC star cluster parameters to derive a combined catalogue for LMC clusters. Our first catalogue is the recent work of Glatt, Grebel & Koch (2010) , who used data from the Magellanic Cloud Photometric Surveys together with isochrone fitting to derive ages and luminosities for 1193 populous star clusters in a 64 deg 2 area of the LMC. The cluster identifications, sizes, and positions were taken from the catalogue of Bica et al. (2008) . Since the MCPS becomes highly incomplete below V = 24, the Glatt et al. data become incomplete for ages larger than 500 Myr and do not contain any clusters older than T = 1 Gyr. Glatt et al. also did not determine ages for clusters younger than about 10 Myr to avoid confusion between star clusters and unbound stellar associations.
The second data set that we use is the catalogue of Pietrzynski & Udalski (2000) , who used BVI data from the OGLE II microlensing experiment (Udalski et al. 1998 ) together with isochrone fitting to derive ages of about 600 star clusters which are located in the central parts of the LMC and are younger than 1.2 Gyr. Since Pietrzynski & Udalski did not derive cluster luminosities or cluster masses, we could only use their data if luminosity information was available from another source. Our third catalogue is the cluster catalogue presented by Hunter et al. (2003) . The Hunter et al. catalogue contains data for about 746 different LMC clusters, limited to the inner regions of the LMC and to absolute luminosities brighter than MV = −3.5. New age determinations for the cluster in the Hunter et al. catalogue were presented by de Grijs & Anders (2006) from broadband spectral energy distribution fitting of the integrated UBVR photometry given by Hunter et al. (2003) and recently also Popescu, Hanson & Elmegreen (2012) . Popescu et al. use the stellar cluster analysis package MASSCLEANage to derive new ages and masses for the Hunter et al. cluster sample. The advantage of MASSCLEANage is that it allows to take into account stochastic fluctuations in cluster colors and magnitudes which arise from the finite number of stars present in clusters. We average the ages for clusters which appear multiple times in the Popescu et al. sample and are left with a list of 746 unique clusters which are almost identical to those analysed by de Grijs & Anders.
In order to increase the accuracy of the age and mass determinations especially for bright clusters, we also include age determinations from the literature. In particular, we use the ages recently derived by Milone et al. (2009) for massive intermediate-age star clusters from colour-magnitude fitting and the age data compiled by Mackey & Gilmore (2003) for 53 massive LMC clusters. Many of the ages in these papers are derived from HST data reaching several magnitudes below the turnover and are therefore significantly more accurate than the ages derived in the above surveys. Fig. 1 Popescu, Hanson & Elmegreen (2012) and Pietrzynski & Udalski (2000) catalogues are restricted to varying parts of the LMC. Since the LMC shows evidence for different regions having undergone different star formation histories (Glatt, Grebel & Koch 2010) , it is clear that only a combination of all catalogues can give a complete picture of the LMC cluster population. Fig. 2 and Table 1 compare the ages of star clusters derived in the studies by Pietrzynski & Udalski, de Grijs & Anders, Glatt et al., and Popescu et al. with one another for the clusters common to the different studies. The de Grijs & Anders ages are in good agreement with the OGLE II ages but disagree significantly with the Glatt et al. and Popescu et al. ages , since clusters with T < 10 8 yrs in de Grijs & Anders tend on average to be younger than found by the other authors, while clusters with T > 10 8 yrs are on average older in de Grijs & Anders than in the other catalogues. As noted by Popescu et al., this difference could be due to the absence of single red giants or supergiants in young clusters, which make the cluster appear bluer and therefore younger. The Glatt et al. data shows fairly good agreement with Popescu et al. It is also in rough agreement with the OGLE II data, however the number of clusters in common is too small to make a meaningful comparison. The OGLE II ages have a small offset by about log T = 0.2 dex compared with the de Grijs & Anders ages, which might also be present in the comparison with the Popescu et al. data. As noted by de Grijs & Anders, this can be explained by the smaller LMC distance modulus of (m − M ) = 18.23 adopted by Pietrzynski & Udalski, compared to the value of (m − M ) = 18.50 used by most other authors. Placing the LMC at a smaller distance decreases the absolute luminosities of the stars and the turn-over region in the CMD, and therefore makes the clusters appear older. In order to correct for this bias, we increase the OGLE II ages by 0.2 dex.
From the comparison of the cluster ages shown in Fig.  2 , we calculate Pearson r coefficients and best-fitting linear relations log age 1 = α log age 2 + β and the standard deviation in log T about this best-fitting relation. The results are shown in Table 1 However the slope α of the best-fitting relation for OGLE II is in all cases compatible with unity. The literature sample has only few clusters in common with the other studies, so it is hard to make a meaningful comparison, but the Pearson r coefficients as well as the slopes α are mostly compatible with unity within the error bars, indicating good agreement. The final column of Table 1 shows that the RMS deviation in log t between the different catalogues is typically around 0.20 to 0.30, a value that also agrees with the age uncertainties of individual clusters (see Table 2 ).
To obtain a complete catalogue of LMC clusters, we combine the clusters from the above data sets, excluding duplicate entries through a coordinate based search with a search radius of 20", which corresponds to a distance of 5 pc at an assumed LMC distance of 50 kpc. When assigning ages to the clusters, we give the highest priority to the ages given in Milone et al. (2009) and Mackey & Gilmore (2003) , followed by Glatt et al. (2010) , the OGLE II data, and finally Popescu et al. (2012) . We ignore the de Grijs & Anders dataset due to its significant deviation against the Glatt et al. and Popescu et al. ages. Since we need cluster luminosities to calculate cluster masses and OGLE II has only age information, we include clusters from OGLE II only if information on the total cluster luminosity is available from Popescu et al. (2012) .
Cluster masses are then derived from the MV luminosities by calculating M/LV values using the Padova isochrones for Z = 0.008. These isochrones are based on the Marigo et al. (2008) stellar evolution tracks with corrections from case A in Girardi et al. (2010) , assuming a Kroupa (1998) on the M/L ratios is less than 50% until the cluster is close to dissolution. Fig. 3 depicts the location of all clusters from the combined data set in a mass vs. age diagram. The dotted line shows the 50% completeness limit of MV = −3.5 from Hunter et al. (2003) . The majority of clusters have ages between 10 7 to 10 9 yrs and masses of a few hundred to a few thousand M⊙. The lack of clusters younger than 10 7 yrs is due to the fact that such clusters are often obscured by dust clouds and are also easy to confuse with unbound associations and were therefore not analysed by Glatt et al. and OGLE II. The Glatt et al. and OGLE II samples also do not contain clusters older than ≈ 10 9 yrs, since neither the OGLE nor the MCPS photometry is deep enough to permit age dating such clusters from resolved CMDs. This could in part explain the absence of clusters above 10 9 yrs. In addition, the 50% completeness limit of the Hunter et al. sample reaches several thousand M⊙ for ages larger than 10 9 yrs. In order to work with a sample that is as complete as possible, we therefore restrict our analysis to clusters older than 10 7 yrs and brighter than MV = −3.5. For clusters of a few thousand stars, a single giant star can have a luminosity exceeding that of the rest of the cluster, leading to large fluctuations in the clusters' M/L ratio (Piskunov et al. 2011 ). This makes mass estimates based on cluster luminosity highly uncertain. We therefore also restrict our analysis to clusters more massive than 5000 M⊙. For clusters of this mass and ages larger than 10 7 yrs, Fig. 11 in Piskunov et al. (2011) shows that stochastic effects due to bright giants change the M/L ratio in the V band by less than 20% compared to a model with a continuous IMF. Comparable mass uncertainties are also found by Popescu et al. for clusters more massive than a few thousand solar masses. The resulting selection limit is shown in Fig. 3 by dashed lines. Out of a total number of 1649 unique clusters in the four data sets, 322 clusters pass our selection criteria. Their basic parameters (names, positions, total MV luminosities, ages, age uncertainties and masses) are listed in Table 2 . Although containing only the brightest and most massive clusters in the LMC, none of the individual catalogues is complete within our age and mass ranges: Of the 322 clusters in our final sample, only 86 were listed in OGLE II, 85 in Glatt et al. and 194 in Popescu et al. In the following analysis, we restrict ourselves to the area of the LMC covered by Glatt et al., which is roughly located between 4.7 and 6.1 hours in right ascension and -65 and -72.5 degrees in declination. This region contains 294 clusters of our final sample and is identical to the region for which Harris & Zaritsky (2009) determined the field star formation rate, which we will compare to the cluster formation rate in the next section.
RESULTS

Fig
. 4 depicts the cluster frequency dN/dt, defined as the number of clusters per time unit, as a function of age for clusters with present masses MC > 5000 M⊙ and magnitudes brighter than MV = −3.5. It can be seen that the observed frequency drops steadily as a function of age. The drop is relatively small during the first 100 Myr since the data point at T=150 Myr is only a factor of two lower than the one at the youngest age. The data show clear evidence for a peak in cluster frequency at T = 1.5 · 10 9 yrs. Other peaks are more ambiguous, but could be present between 20 to 30 Myr and around 100 Myr. The peak at ages between 20 to 30 Myr, might however simply be due to cluster incompleteness at ages T < 20 Myr. Also visible is the wellknown absence of star clusters between 3 and 8 Gyr, where the cluster frequency is at least a factor of 10 lower than at older and younger ages.
In order to disentangle true variations in cluster frequency from star formation variations, we divide the cluster frequency by the total star formation rate in each age bin according to Harris & Zaritsky (2009) and show the result Figure 3 . Location of all clusters in a mass vs. age diagram. The dotted line shows the location of the 50% completeness limit of M V = −3.5 for the Popescu et al. (2012) data. The dashed line shows the location of clusters used for our analysis, which are confined to ages larger than 10 7 yrs, masses larger than 5000 M ⊙ and total luminosities brighter than M V = −3.5.
in the bottom panel of Fig. 4 . As can be seen, the cluster to star ratio is now nearly constant for ages from 10 Myr to 200 Myr. Primordial gas expulsion does therefore either have only a moderate effect on star clusters or its observable effects must be limited to either the first 10 Myr of cluster evolution or low-mass clusters with MC < 5000 M⊙ since no strong drop in cluster frequency is visible in the first 100 Myr. After 200 Myr, the frequency of clusters drops significantly, at T = 1 Gyr it is roughly only 1/10th of that at T < 200 Myr, and at T = 10 Gyr it is lower by an additional factor of 10. We note that at T = 10 Gyr, the 50% completeness limit of Hunter et al. (2003) is almost a factor of 4 more massive than our mass-cut at 5000 M⊙ (see Fig. 4 ). This, however, does not explain the low number of clusters at T = 10 Gyr, since all of them are more massive than 10 5 M⊙. A nearly constant cluster frequency at young ages followed by a strong decrease at later ages was also found by Lamers et al. (2005) for the open clusters in the solar neighborhood. In the solar neighborhood the break occurs at around log t/yr = 8.6, equivalent to 400 Myr. It is also visible in the distribution of massive star clusters with M > 10 3 M⊙ in the SMC resented by Chandar, Fall & Whitmore (2006) (see their Fig. 1 ). Boutloukos & Lamers (2003) showed that this behavior is due to cluster dissolution: For ages t < t break , where t break is a characteristic time related to the dissolution time, only a small number of low-mass clusters fall below the detection threshold, so the cluster frequency drops only slowly, while for ages t > t break significant dissolution of clusters causes a strong decrease in cluster frequency.
From Fig. 4 , we can therefore conclude that a) if residual gas expulsion has an influence on star clusters, its effects must be limited to either the first 10 Myr of evolution or low-mass clusters with MC < 5000 M⊙ b) the characteristic lifetime of a ∼ 10 4 M⊙ star cluster (which make up the majority of our clusters in our sample) in the LMC is a few hundred Myr and roughly the same as in the solar neighborhood (Lamers et al. 2005) ; c) for ages > 200 Myr about 90% of clusters are destroyed per 1 dex in log t.
The data shown in Fig. 4 confirm the absence of star clusters in the LMC in the age range 4 Gyr < T < 10 Gyr, which was first noticed by Bertelli et al. (1992) . A similar gap is not seen in the field star formation rate, as found by Harris & Zaritsky (2009) from an analysis of the MCPS data and Holtzman et al. (1999) from an analysis of HST color-magnitude diagrams of three fields in the LMC. If the star formation rate derived by Harris & Zaritsky (2009) is correct, then the ratio of the number of clusters formed to the absolute star formation rate was at least a factor 5 to 10 lower in this age range then at both earlier ages T > 10 Gyr and later ages T < 3 Gyr. Alternatively, only lowmass clusters with M < 5000 M⊙ may have been formed in this age range. Fig. 5 finally depicts the mass distribution of clusters, split into four age groups. In most age bins, the mass function of clusters can be approximated well by a power-law mass function N (m) ∼ m −α . Applying a maximum likelihood estimator to the cluster mass distribution as described in Clauset, Rohilla Shalizi & Newman (2009) , gives as best-fitting slope α = 2.32 ± 0.11 for the youngest age bin. This is in good agreement with the slope found by Hunter et al. (2003) and only slightly steeper than the slope of α = 1.8 ± 0.2 found by Chandar, Fall & Whitmore (2010) for clusters more massive than 10 3 M⊙. In our sample, clusters up to 1 Gyr can be fitted by a slope similar to that for clusters in the youngest age bin, confirming results by Chandar, Fall & Whitmore (2010) that the dissolution of clusters up to 1 Gyr is mass independent, at least for the mass range considered here. Clusters between 1 and 4 Gyr have a significantly flatter best-fitting slope of α = 1.67 ± 0.08. This could be due to either incompleteness of the sample at the low-mass end or be a sign of ongoing cluster dissolution, since low-mass clusters are more easily destroyed by two-body relaxation than high-mass ones (Baumgardt & Makino 2003) . If the flattening were due to incompleteness and the true mass function still a power-law with slope α = 2.3, then about 400 clusters with masses between 5000 M⊙ and 10 5 M⊙ would be missing from our sample. This seems highly unlikely, given the relatively faint 50% completeness limit of the Hunter et al. sample (about 5000 M⊙ at T = 2 Gyr). We therefore conclude that the observed flattening of the mass function for clusters with ages 1 < T < 4 Gyr is due to ongoing cluster dissolution. Interestingly, clusters with ages 1 < T < 4 Gyr and masses larger than 10 5 M⊙ can still be fitted with a slope α ≈ 2.3, the slope flattens only for lower-mass clusters, which is also in agreement with ongoing dissolution of low-mass clusters (see sec. 5). The mass-function slope is even flatter for clusters in the oldest age bin (bottom panel of Fig. 5 ), however for these a power-law mass function provides a rather poor fit and their mass function is much better described by e.g. a log-normal distribution, similar to what is seen for globular clusters in other galaxies.
From Figs. 4 and 5, we can also deduce the ratio of stars born in clusters that survive gas expulsion and infant mortality to the total number of stars born. Our sample contains 87 clusters with ages 10 Myr < T < 100 Myr and masses MC > 5000 M⊙, which have a total mass of 1.3 · 10 6 M⊙. If we assume that clusters follow a powerlaw mass function with exponent α = 2.3 and extend the cluster mass function down to clusters of 10 2 M⊙, the total mass in clusters is about a factor 3 higher. Integrating the Harris & Zaritsky (2009) star formation rate, we find that over the same time span 2.6·10
7 M⊙ were born in field stars. Hence about 15% of all stars with T < 100 Myr formed in clusters that survive for at least 10 Myr. This is within the range of ratios seen in other nearby galaxies as determined by .
THEORETICAL ESTIMATES FOR THE DISSOLUTION OF STAR CLUSTERS
Star clusters are destroyed through a number of mechanisms, including residual gas expulsion (Hills 1980; Goodwin 1997; Baumgardt & Kroupa 2007) , two-body relaxation and external tidal fields (Vesperini & Heggie 1997; Baumgardt & Makino 2003) and tidal shocks from disc or bulge passages or passing giant molecular clouds (Spitzer 1958; Ostriker et al. 1972; Wielen 1985; Gnedin & Ostriker 1997; Gieles et al. 2006a ). In the following, we discuss each of these dissolution mechanisms in more detail.
Gas expulsion
Clusters typically form at the centres of dense molecular clouds with star formation efficiencies of about 30%. When the residual gas that is not converted into stars is removed by winds from young O and B type stars, the gravitational potential is lowered and some clusters can become unbound. Baumgardt & Kroupa (2007) showed that the impact of gas expulsion depends on the star formation efficiency ǫ, the timescale over which the gas is removed compared to the clusters crossing time τgas/tcross, and the strength of the external tidal field which can be quantified through the ratio of the clusters half-mass radius prior to gas expulsion to its tidal radius r h /rt. Although gas expulsion is thought to happen within the first few Myr after cluster formation, and therefore does not directly affect clusters with ages ≥ 10 Myr, clusters need several initial crossing times to dissolve into the field. While dissolving, they could still be visible as clusters and would therefore influence our sample at the youngest ages (see e.g. Parmentier & Baumgardt 2012) . The absence of any decrease of cluster frequency between 10 and 200 Myr (see Fig. 4 ), argues against the presence of dissolving clusters in our sample. We therefore assume that the observed cluster response to gas expulsion is over by an age of 10 Myr and neglect the influence of residual gas expulsion.
Stellar evolution
Stellar evolution reduces the masses of star clusters by about 45% during a Hubble time if stars follow a Kroupa (2001) IMF. Low-mass clusters with masses M < 10 4 M⊙ will therefore fall below our adopted lower mass limit of M = 5000 M⊙ even without any dynamical mass loss. In order to model stellar evolution, we assume for the mass lost by stellar evolution:
where MC is the initial cluster mass, MDyn(t) is the accumulated mass lost by the dynamical effects described below and µev is calculated as described in Lamers et al. (2010) , assuming a metallicity of Z = 0.0080. Apart from mass loss, stellar evolution also causes the clusters to expand and very extended clusters could suffer additional dynamical mass loss due to this expansion and the related tidal overflow. However we neglected the influence of this process since it is most effective in the first few 100 Myr of cluster evolution, where we see little evidence for cluster dissolution (see Sec.
3).
Two-body relaxation and external tidal fields
The effects of two-body relaxation and a spherical external tidal field were modeled according to the results of Baumgardt & Makino (2003) , who performed simulations of multi-mass clusters moving through spherically symmetric, isothermal galaxies. According to Baumgardt & Makino (2003) , the lifetime t Dis|Rel of a star cluster moving through an external galaxy with circular velocity VC on an orbit with distance R from the centre of the galaxy is given by
Here N is the initial number of cluster stars, which can be calculated from the initial cluster mass and the mean mass of the cluster stars as N = MC / < m >. A Kroupa (2001) IMF between mass limits of 0.1 and 100 M⊙ has < m >= 0.64 M⊙. x and k are constants describing the dissolution process and are given by x = 0.75 and k = 1.91 · 10 −3 (Baumgardt & Makino 2003) . Kinematic studies of various population tracer populations show that the LMC has near-solid body rotation in its inner parts (Meatheringham et al. 1988; Hughes, Wood & Reid 1991, e.g.) . van der Marel et al. (2002) found that the LMC shows solid body rotation out to a radius of about 4 kpc and an approximately flat rotation curve for larger radii. The rotation velocity of the LMC is however rather uncertain and depends on the tracer population that is used. Olsen & Massey (2007) find values of VC = 61 km/sec for carbon stars, VC = 80 km/sec for H I gas and VC = 107 km/sec for red supergiants and speculate that the differences could be a sign of the ongoing tidal perturbation of the LMC. If we assume a maximum circular rotation speed of the LMC of 80 km/sec, similar to what Olsen & Massey (2007) found for the rotation velocity of the H I gas, eq. 2 becomes
for radii R < 4 kpc. We do not consider larger radii since observed LMC clusters mostly have R < 4 kpc. Note that, as a result of the solid body rotation, t Dis|Rel does not depend on galactocentric distance.
We finally note that Gieles & Baumgardt (2008) have shown that compact clusters dissolve faster than the tidally filling clusters simulated by Baumgardt & Makino (2003) due to their smaller relaxation times. However we neglect this effect since it only becomes important for r h /rJ < 0.05, where r h is the half-mass radius and rJ is the Jacobi radius of the cluster. A cluster starting with an initial mass of 10 4 M⊙ at a typical distance of 1 kpc from the centre of the LMC has a Jacobi radius rJ = 20 pc, so this effect would only be important if clusters start with radii r h ≪ 1 pc.
Disc shocks
Clusters passing through galactic discs experience tidal heating due to the difference in acceleration for stars in different parts of the cluster (Ostriker et al. 1972) . The dissolution time against disc shocking is given by (Binney & Tremaine 1987, eq. 7-72) :
where T ψ is the orbital time of the cluster, σ * the 1D velocity dispersion of stars in the cluster, Vz the velocity with which the cluster passes the disc,z 2 = r 2 h /3 the root-mean square z distance of stars in the cluster and gz the gravitational acceleration of stars due to the disc. Using the virial theorem, we find
where η ≈ 0.4 for most density profiles. For a typical halfmass radius of r h = 4 pc, this gives σ * km/sec = 1.7 MC 10 4 M⊙ .
The LMC is classified as a SBm galaxy (de Vaucouleurs & Freeman 1972) and contains a relatively thick disc with an out-of-plane axial ratio of ∼ 0.3 or larger (van der Marel et al. 2002) . The velocity dispersion of stars perpendicular to the LMC disc depends on their age and increases for older stars, similar to the situation in the Milky Way (van der Marel et al. 2009 ). We adopt a velocity dispersion of Vz = 10 km/sec, which is intermediate between the velocity dispersion found for red supergiants and that of the H I gas (van der Marel et al. 2009 ). If we also assume a circular velocity of V = 20 km/sec at a distance of R=1 kpc from the centre of the LMC, we find T ψ = 312 Myr. For an infinitely thin disc with radial scale length of RD = 1.42 kpc (Weinberg & Nikolaev 2001) and a total mass in stars and gas of MD = 3.2 · 10 9 M⊙ (van der Marel et al. 2002) , the acceleration in z direction is gz = 4.3 pc/Myr 2 at R = 1 kpc. Inserting all the values in eq. 4 gives a dissolution time of roughly 110 Myr for a 10 4 M⊙ cluster. Eq. 4 is however only valid for impulsive encounters in which the time scale for shocking is much smaller than the orbital time for stars in the cluster. Slower encounters have a reduced effect since stars with orbital times t orb ≪ t shock can adiabatically adjust to the shocking. Gnedin & Ostriker (1997) give various forms for the adiabatic correction factor. If we use their eq. 11, then
where x is the ratio of the angular velocity of stars in the cluster to the crossing timescale of the cluster through the disc and is given by M⊙, x ≈ 20, and A(x) ≈ 1/1500. Disc shocks therefore seem to have a negligible influence on the evolution of star clusters in the LMC. Even if we set Vz = 50 km/sec, corresponding to a cluster moving on a highly inclined orbit through the disc and assume a smaller scale height of z0 = 100 pc in the past, the lifetime of a 10 4 M⊙ cluster against disc shocks is still larger than that against two-body relaxation. We therefore neglect the influence of disc shocks on the cluster evolution.
GMC encounters
Similar to galactic discs, passing giant molecular clouds create transient tidal forces on a star cluster, which increases the internal energy of a cluster and leads to cluster dissolution (Spitzer 1958) . Wielen (1985) found that giant molecular clouds dominate the dissolution of star clusters in the solar neighborhood.
The most thorough calculation of the influence of GMC encounters has been given by , who showed that considering only the total energy gain can overestimate the effect of GMC encounters since much of the energy gained by the cluster is carried away by escapers and that considering the mass loss of a cluster leads to a better description of the dissolution process. also showed that GMCs cannot destroy clusters with more than ∼ 10 4 M⊙ in a single disruptive encounter if one takes the finite size of the GMCs into account. For the cumulative effect of many distant encounters, they derived the following expression for the lifetime of a star cluster of mass MC and half-mass radius r h :
where ρn = MGMC nGMC is the mass density of GMCs in a galaxy, Σn the typical surface density of a single GMC, f is the ratio of relative mass loss to the relative energy gain of a cluster during an encounter, g a numerical correction factor for close encounters, σcn is the typical relative velocity between a star cluster and a GMC,r the root-mean square radius of the cluster, and η a constant which depends on the density profile of the cluster. A King (1966) model with W0=5.0 has η ≈ 0.4 and (r 2 h /r 2 ) = 0.50. The typical velocity dispersion of stars in the LMC is σ = 20 km/sec (van der Marel et al. 2002) . Fig. 12 in Gieles et al. shows that for a typical cluster mass of 10 4 M⊙ and a typical GMC mass of 10 5 M⊙, the correction factor g is slightly larger than unity, so we adopt g = 1.5. We also assume f = 0.25 as found by Gieles et al. through direct N -body simulations and an average cluster radius of r h = 4 pc. The mass density ρn and the surface density Σn of the GMCs are taken from the results of the NANTEN LMC molecular cloud survey (Fukui et al. 2008 ). Fukui et al. found 270 molecular clouds with masses MCO > 2 · 10 4 M⊙ within a survey area of 30 deg 2 . Inside 2 kpc from the center of the LMC, they found a surface mass density of GMCs of 2 M⊙/pc 2 . Assuming a disc scale height of 180 pc (Padoan et al. 2001 ) for the gas and that all GMCs are located within ±1 scale height of the plane of the disc, gives a space density ρn = 0.0056 M⊙/pc 3 . Hughes et al. (2010) found an average surface density of Σn = 50 M⊙/pc 2 for individual GMCs in the LMC. Inserting all values, we find for the lifetime of star clusters in the LMC:
Unlike in the Milky Way, GMC encounters do not seem to be a dominant dissolution process for star clusters in the LMC, the main reason being their lower space density as a result of the large disc scale height and their smaller surface density (Σn = 50 M⊙/pc 2 for clouds in the LMC vs. Σn = 170 M⊙/pc 2 in the Milky Way, see Solomon et al. 1987) . N -body simulations by Weinberg (2000) suggest that the large scale height of the LMC disc could be a result of the interaction with the Milky Way. Hence the importance of GMC encounters might have been higher in the past when the LMC disc had a smaller scale height. It is however unlikely that the lifetime would drop below a Hubble time even for the smallest clusters in our sample, and we therefore also neglect GMC encounters.
We are therefore left with two-body relaxation driven evaporation as the only dissolution process which seems to have a significant influence on the LMC cluster system. In order to model relaxation driven evaporation, we assume that the dynamical mass loss is linear in time, so the dynamically lost mass is given by:
where Mev(t) is the total mass lost by stellar evolution up to time t. We assume that clusters form with the same rate as the field stars and use the star formation history of LMC field stars as derived by Harris & Zaritsky (2009) to form clusters. We assume that clusters form with a power-law mass function dN (m) ∼ m −α dm and adjust the exponent such that the mass function of clusters in the youngest age bin in Fig. 5 is fitted. We also assume that clusters follow an exponential density distribution in the LMC with scale length R = 1.42 kpc, similar to what is seen for the field stars, and that clusters move on circular orbits. Clusters are then evolved according to the description presented in this section up to the present time. The mass and age distribution of the surviving clusters with MC > 5000 M⊙ and absolute luminosities MV > −3.5 mag is then compared with the observational data for LMC clusters and we discuss the results in the next section.
COMPARISON WITH THEORY
The left panel of Fig. 6 shows a comparison between the predicted and observed cluster frequency as a function of time, assuming that star clusters form with a power-law mass function N (m) ∼ m −α and with a rate similar to the star formation rate determined by Harris & Zaritsky (2009) for LMC field stars. Clusters are distributed in the LMC following an exponential density distribution up to a maximum radius of R = 4 kpc, similar to the largest distances from the centre of the LMC for clusters in our sample. The black, solid line depicts the expected cluster frequency distribution if dissolution mechanisms are applied to star clusters exactly as described in the previous section. It can be seen that the frequency of the predicted clusters decreases significantly slower with time than the cluster frequency of the observed clusters for ages T > 200 Myr, and the black solid line predicts about a factor 10 more clusters than observed for ages of several Gyr. If due to incompleteness, several hundred unstudied clusters with ages 1 < T < 4 Gyr would still exist in the LMC. While new clusters in this age range are still being found (e.g. Piatti 2011), it seems rather unlikely that so many clusters are missing from our sample.
It is therefore much more likely that the theoretical estimates from sec. 4 underestimate the true rate of cluster dissolution. The red (short dashed), blue (dotted) and green (long dashed) lines show the predicted cluster distribution if we reduce the cluster lifetimes by factors of 5, 10 and 20 respectively. It can be seen that lifetimes need to be reduced by about a factor of at least 10 to 20 to give an agreement between predicted and observed cluster frequency.
The right panel of Fig. 6 depicts the mass distribution of star clusters as a function of their age. If we apply the various dissolution mechanisms as described in the previous section (solid lines), the mass distribution of star clusters up to 1 Gyr is in good agreement with the observational data since the predicted mass function can be fitted by the same slope for all ages, similar to what was found for the observed cluster distribution in sec. 3. The reason is that in this case the turnover carved into the cluster mass function remains at masses lower than our mass-cut, and is therefore not seen in our cluster sample. As a result, at masses higher than 5000 M⊙, the slope of the cluster mass function is preserved during the first Gyr. For ages larger than 10 9 yrs, dissolution of clusters more massive than 5000 M⊙ becomes important and the slope starts to flatten at the low-mass end of our sample. For clusters that are more than 4 Gyr old and standard dissolution, the power-law mass function develops a turn-over at a few thousand solar masses. The location Figure 6 . Frequency of clusters as a function of time (left panel) and mass distribution of star clusters for different age bins (right panel). Black dots in both panels depict the observed distribution of LMC clusters. The solid lines in both panels show the theoretical prediction if clusters form with the same star formation rate as the field stars and the cluster dissolution due to relaxation is applied as described in sec. 4. Red (short dashed), blue (dotted) and green (long dashed) lines show predicted distributions if the cluster lifetimes are reduced by factors of 5, 10 and 20 respectively. In order to fit the data, cluster dissolution has to be significantly faster than predicted by theory. of this turn-over is at significantly smaller masses than the observed one, since the observed one is around 2 · 10 5 M⊙. In order to bring the mass function of predicted clusters in the oldest age bin into better agreement with observations a reduction in the lifetimes by about a factor 20 is needed (see green, long-dashed curve). In the age bin from 10 9 yrs and 4 · 10 9 yrs, lifetimes reduced by a factor 20 produce a mass function that also has a turnover, which is not present in the observed data. A reduction by a factor of 5 to 10 is here in much better agreement with the observations. The comparison with observations indicates that cluster lifetimes are shorter by about a factor 10 to 20 than given by the theoretical estimates of sec. 4. Given that most of the results in that section were derived based on N -body simulations, which are to a large degree free of underlying assumptions, such a reduction seems to be outside the uncertainties of the theoretical estimates. It also does not seem possible to achieve such a reduction in lifetime by changing the adopted LMC parameters, like the rotational velocity or the velocity dispersion, within the uncertainties quoted in the literature. Either the mode of star formation and the properties of LMC clusters were drastically different at ages of 200 Myr and larger, or our knowledge of star formation in the LMC and the star clusters which were formed at these ages is still incomplete. For example, if the star formation rate at ages T > 1 Gyr was smaller than estimated by Harris & Zaritsky (2009) , the difference in frequency between the predicted and observed curves would be smaller and the reduction in lifetime necessary to fit the observed cluster frequencies would be smaller. In addition, the globular cluster system of the LMC might have formed with a log-normal distribution instead of a power-law (Vesperini 1998; Parmentier & Gilmore 2007) , alleviating the need to drastically modify cluster lifetimes in order to predict the cluster mass distribution in the oldest age bin.
CONCLUSIONS
We have compiled a new catalogue of ages and masses of LMC star clusters by combining results from four different surveys. Our catalogue covers the whole LMC and contains data for 307 clusters with masses M > 5000 M⊙, ages T > 10 7 yrs and absolute magnitudes MV < −3.5. We find no significant influence of cluster dissolution for clusters younger than about 200 Myr, since both the ratio of the number of clusters divided by the absolute star formation rate as well as the mass function of clusters is independent of time for these clusters. If residual gas expulsion is an important dissolution mechanism for star clusters, its influence must be restricted to the first 10 Myr of cluster evolution or low-mass clusters with masses M < 5000 M⊙. Young star clusters in the LMC form with a power-law mass function with slope α = 2.3. If we extrapolate this mass function down to 10 2 M⊙, then about 15% of all stars in the LMC form in bound star clusters that survive for at least 10 Myr.
For ages larger than T = 200 Myr, the cluster frequency starts to drop and the ratio of cluster frequency to star formation rate is about a factor 40 smaller at T = 4 Gyr than what it was at T = 200 Myr. In addition, the mass function of clusters flattens for clusters older than T = 1 Gyr. The number of missing clusters in our catalogue needed to explain this flattening seems to be too large to be explained by incompleteness and we therefore conclude that most of the flattening is due to cluster dissolution. The amount of cluster dissolution necessary to fit the observed cluster distribution is about a factor 10 higher than predicted by theory, indicating either that the effectiveness of the considered processes was significantly underestimated or that older star cluster formed with a mass distribution significantly different from their younger counterparts.
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